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Abstract

Development of Collision Resilient Drone for Flying in Cluttered
Environment
Al Mahmud
The use of multi-rotor aerial vehicles, also known as drones, has increased significantly in the
last decade due to their ease of use and applicability to an extended range of functions. Therefore,
the importance of making these vehicles safe, for both themselves and the people around them,
has also increased. A clear solution to this problem is the development of algorithms that generate collision-free paths using different sensors. However, even with such on-board computation,
avoiding a collision is not always possible. Thus, the use of a protective structure (cage) around
the aerial vehicle is a solution to keep it safe from potential accidents. A protective structure can be
designed based on the application of the aerial vehicle. Different protection ideas for aerial vehicles
are discussed in this work. Additionally, two protective cages have been designed, prototyped, and
analyzed. The first cage has the shape of a truncated icosahedron. The drone is mounted inside
the cage and is connected to it through a 3-axis gimbal system, which prevents unwanted rotations
due to collision. As a result, the drone is less likely to lose thrust and fall after any collision. The
second cage is smaller than the first one since it does not contain a gimbal system. It has the shape
of a turtle shell. The drone is connected to a platform in the center of the cage through a bearing,
thus allowing the drone to rotate with respect to the cage in the yaw direction. Although the cage
protects the drone and its propellers from any impact, it does not allow the vehicle to roll or pitch,
what may cause lost of thrust after a collision. If the drone falls, the turtle shape helps the drone to
reorient into its take-off position to restart its task. We present experiments with these cages and
compare their performance in real flights.
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1

Introduction

1.1

Problem Overview And Motivation

Unmanned aerial vehicles (UAV) are utilized for many applications including farming [32], search
and salvage [21], bundle conveyance [31], investigating mines [9], and [5]. Individuals rely more
upon drones for their adaptability. As the use of robots has expanded, drones need to perform
more complex functions than before. As of late, drones are being utilized in observing forests [15].
A forest is a jumbled environment where trees are arranged randomly, and tree branches and leaves
are generally dense. It is difficult for a drone to find a collision free way while flying inside a forest.
To investigate a forest, a robot either must be extremely smart to stay away from all impacts or
be sufficiently versatile to endure the crashes. A robot that can support continued collisions and
proceed with capacity can effectively perform relegated undertakings in a forest-like environment.
Consider an unknown, 3D environment W ⊂ R3 populated with several unknown random
obstacles of arbitrary shape and size. In this thesis we assume that exploration of this environment
2

is to be done with a quadrotor. The environment is unfamiliar, and there could be any number of
obstacles, and they are randomly distributed. That means the distance between any two obstacles
could be of any value. As the environment is in a 3D environment, the obstacle could be hanging
from the top. There are possibilities of collision when the quadrotor is moving in the horizontal
plane and vertical line. When a collision takes place, there could be many outcomes. This work
aims to understand possible outcomes of a collision and develop protective structures for drones
so that the drones survive strong collisions and continue the prescribed task.

1.2

Background

A quadrotor is unique of UAV with four rotors that produce lift. They can be both autonomous
and human-operated. By increasing and decreasing the motor’s rpm, a quadrotor drone can move
in all directions. It can also hover in a particular place by generating thrust equal to its weight.
The robotics environment can be both structured and unstructured. It is easier for a robot to
navigate a structured environment because it has prior knowledge about the environment. But
an unstructured environment is unpredictable, and the robot has to be very smart to navigate in
it. As the robot has to identify changes in an unstructured continuous environment, navigating
through it requires computational complexity, and sometimes collision is inevitable. In this work,
the environment is considered unknown and dense, which means an unstructured environment.
An impact is an example of one moving item or individual striking fiercely against another. A
crash of an aerial vehicle brings about various results. The outcomes depend on the following factors:
• The velocity of the UAV: On the off chance that the UAV’s speed builds, the impact power
increments. The more the crash power, the more the possibility of damage.
• The rigidity of the obstacle and elasticity of the aerial vehicle’s protective structure: If the
obstacle is not very rigid, the impulse force is decreased as the time of collision is increased.
Similarly, if the protective structure is made of elastic material, the impulsive force can be reduced. There are many bioinspired impact-tolerant structures available, for example, hedgehoginspired structure [12].

3

• Friction with the obstacle: If both the surface of the obstacle and quadrotor are frictionless, the quadrotor will slide along the surface of the quadrotor. With the increase of relative
friction between the surfaces, a frictional force is generated, which causes a rotational movement in the quadcopter.
• Direction of collision: If the direction of collision force is perpendicular to the point of contact, the frictional force will not cause rotary motion, but there will be the possibility of
damage. On the other hand, if the direction of collision is angular, this angle introduces a
frictional force in the plane’s direction where the point of contact is presented.
If a drone collides with an object, there are several possible outcomes. First of all, consider the
drone is colliding with a wall made of concrete in the direction perpendicular to the wall. Compared to a concrete wall, drone’s propellers are fragile. So, if the collision force is significant, it is
probable that one or more propellers can break. When a quadrotor drone loses one or more of its
propellers, it encounters imbalanced thrust generation capability in different arms. To solve this
issue, the control system can be improved so that a drone can balance thrust generation based on
the available functional propellers. However, total thrust generation also decreases if any propeller
is damaged. If the UAV frame is made of plastics, the frame will probably also break after colliding
with a concrete wall. If the frame breaks, the motors’ orientation will change, and in most cases,
the drone crashes. A similar outcome is possible if a drone collides with a tree trunk or other rigid
objects. Now consider the drone collides with a fragile object (e.g., more fragile plastic than the
propeller). In this case, the object will break.
If the drone’s direction is not perpendicular to the plane of collision as shown in figure 1.2.1, the
frictional force acts on the drone’s body towards the direction of the plane of contact. This frictional
force tends to rotate the drone’s body. If the frictional force is large enough to rotate the drone to a
significant angle, the thrust force in the upwards direction will decrease, and, as a result, the drone
will lose altitude and eventually fall.
To prevent these possible outcomes, several research works have been performed. One of the
most effective solutions is the development of an obstacle avoidance algorithm. Using this technique, a drone uses different sensors to identify obstacles present in its environment. However,
due to these algorithms’ computational complexity and inability to detect an obstacle in different
4

Figure 1.2.1: A drone is colliding with a wall in a tilted orientation. As a result frictional force is introduced in the upward direction that is causing unwanted rotation in the drone.

situations, we cannot rely entirely on obstacle-avoiding techniques.
To make a drone’s flight safe for both itself and the environment around it, protective structures
have been developed. Some protective structures guard the propellers so that after a collision, they
do not break. Some propeller guards keep the propellers secured from possible collision from all
possible directions [4]. On the other hand, some protective structures guard the whole drone so
that the propellers and the electronic components also stay safe [7]. This type of protection reduces collision forces and lessens the probability of breaking important parts of the drone. But
due to collision, frictional force exerts on the drone’s protective structure, which eventually acts
on the drone’s body, causing the unwanted drone rotation. These unwanted rotations destabilize a
drone’s natural flight and may cause a crash as well. To mitigate the effect of frictional force, control
strategies help identify disturbances due to a collision and generate proper command to overcome
the disturbances. There are other strategies available to mitigate the effect of frictional forces. This
includes giving the protective structure the ability to rotate with respect to the drone. Thus, following a collision, the protective structure will rotate due to the frictional force, which will not affect
the drone’s body. In most cases, a protective structure has a rotation ability about the yaw axis,
which does not help much to mitigate the possibility of unwanted roll and pitch after a collision.
Some works use a 3-axes gimbal system so that all the unwanted rotation can be minimized [7].
5

The development and fabrication of two protective structures are the main contributions of this
work, as presented next.

1.3

Contributions

In this work, a 3-axes gimbal-based protective structure was developed. The effectiveness of this
type of protective structure are evaluated, and the advantages and disadvantages are discussed.

Figure 1.3.1: Contributions of this work. The figure shown on the left is the truncated icosahedronshaped caged drone. It has a 3-axes gimbal system. The figure on the right is the turtle shell-shaped caged
drone. It can reorient itself to a take-off position if it is placed upside-down.

After discussing a 3-axis gimbal-based caged quadrotor, another proposal for a protective structure for quadrotors will be presented. The proposed protective structure does not have a 3-axis
gimbal system, so it is likely to fall after a significant collision. However, this structure has been
inspired by the working principle of turtle shells, where a shell helps a turtle reorient into a natural
position after getting upside-down [11]. So, after a collision, if this caged drone crashes into the
ground, it will roll back to a stable position so that the drone can take off again. In figure 1.3.1, both
protective structures are shown.

6

1.4

Thesis Organization

This work aims to develop two collision resilient caged drones and analyze the effectiveness of the
drones based on several experimental observation and flight log analysis. The parts of the models
are designed using Solidworks-2020 and printed using Ultimaker Cura 3. The thesis report contains five chapters. The organization of the thesis is discussed as follows.
• Chapter 1, Introduction: In this chapter, the general idea of the problem has been discussed.
After that, the available solution for the discussed problem and the solution’s scope has been
presented. Finally, the contribution of the work has been summarized.
• Chapter 2, Literature Review: Previously, several research works were performed to find a
solution to the problem stated in chapter 1. In this chapter, a brief overview of the previous
results has been summarized.
• Chapter 3, Methodology: Based on the knowledge obtained by studying earlier research
works, two caged drones have been designed and built. The process of manufacturing the
two models, the constraints in the manufacturing process, and the modification of designs
due to the constraints have been discussed in this chapter.
• Chapter 4, Results: In this chapter, the two caged drones’ experimental results have been
discussed. After experiments, the flight data have been analyzed, comments on the two designs have been made.
• Chapter 5, Conclusion: In this chapter, the work outcomes have been summarized. Based
on the findings, a recommendation for future works has been made.

7

2

Literature Review

An autonomous robot has to visualize the unknown environment to function correctly. A drone
can build a complete map of its surroundings by using different sensors. With the development of
electronics and sensors, numerous research has carried out to detect and avoid obstacles. Many obstacle detection and avoidance techniques are suitable to implement in aerial vehicles. As different
aerial vehicles perform different tasks, choosing an appropriate approach to detect and avoid obstacles depends on the drone’s configuration and its assigned job. Previously distance sensors [26],
stereo vision sensor [22], laser scanner [14], and many more sensors have been used successfully
to detect and avoid obstacles for enabling a drone autonomous flight. However, despite developing
great algorithms and using developed sensors, these works cannot guarantee obstacle avoidance in
all platforms. In most cases, the obstacles are big walls or humans or boxes, etc. But, in real-world
applications, obstacles may be much more complex. When the environment is very cluttered and
dense, or the obstacles are too difficult to detect, or the visual condition is poor, collision with the
obstacle is, in most cases, unavoidable. So, for aerial vehicles with restricted movement and dif8

ferent sizes, collision and sometimes crash is inevitable. There are several approaches to generate
a complete map of the surroundings of a flying robot. A robot can operate autonomously in an
unknown environment by applying obstacle avoidance techniques in a 3d map and using 3d path
planning. However, making a complete map and planning a path while avoiding obstacles needs
much calculation, which requires high power multicore CPU systems. Carrying a high-power CPU
increases weight, and so the thrust generation needs to be greater. So, more powerful motors and
propellers are required. So, overall power consumption increases, and flight time reduces. When
the focus is to minimize the weight and maximize the flight time, an off-board CPU is preferable.
But this requires communication over a wireless link. This wireless communication has some waiting time between obstacle detection and avoidance. If the waiting time increases, a drone is more
likely to collide with an obstacle. As the latency increases, collision is inevitable in most cases. So,
low power optical sensors are used to avoid obstacles [27], [6]. But, optical flows sometimes have
problematic estimation [25]. Considering the above situations, researchers have started to emphasize developing protection mechanisms for drones. Based on the drone’s configuration, functionality, and application, different techniques to protect a drone have been carried out.

Figure 2.0.1: Left: AR Drone 2.0 without any protective structure. Right: the modified AR Drone 2.0
with a protective structure, and mesh around the structure for allowing humans to touch. [4]

A protective structure performs two goals; it protects the drone’s components from breaking
due to collision, and it protects its surroundings from damage by the drone’s propellers. As the
propellers are most prone to break after an impact and cause damage to the object they collide with,
the basic technique is to design a protective structure around each of the propellers. In figure 2.0.1,
a similar idea has been implemented [4]. In this work, a light-weight wooden frame surrounds
9

each of the propellers. The frame’s shape is right circular cylindrical. Two wooden rings form the
top and bottom disk, connected with eight wooden sticks to make the cylindrical structure. A clear
polypropylene mesh covers the surface area. This mesh prevents direct contact with the propellers.
So, it is safe both for the propellers, as well as the surroundings.
Collision induces a force on the drone. Making a protective structure can eliminate the possibility of damage to the components. To mitigate the possibility of change in the drone’s attitude
after a collision, developing a control strategy is a solution. An excellent example of developing
a collision recovery control system is presented in [10]. The idea is to use a quadcopter with the
propellers protected and apply a recovery control upon collision. When a collision with a vertical
wall occurs, the collision force may change the drone’s orientation that eventually can disturb the
drone’s stability. The recovery control system regains the drone’s stability and drives the drone in
a safe flying condition. The result shows that the recovery control system is successful for collision
speed up to 2m/s and inclination of 17◦ . Nevertheless, this control system requires extensive calculation and prompt response. As a result, despite having a protective structure, the need for high
power CPU is essential in this case. In this design, around each of the propellers, 3D printed nylon bumper is placed. Two carbon fiber tubes connect a bumper with the adjacent bumpers. The
bumper protects the drone from a vertical collision. Following a collision, the impact is measured,
and the value is returned to the controller. The controller uses this information to generate control
forces to stabilize the drone.
The designs discussed so far focus on securing propellers from their surroundings. Some researchers focus on protecting the sensitive equipment of the drone [8]. The platform of a drone
contains all the necessary electronics. If any electronic components fail, the flight becomes unsafe.
That is why securing the electronic components is a notable concern.
Up until this point, we have discussed about protective structures produced using materials with
rigid materials. These materials cannot reduce collision forces [30]. So, the structures need to
be very strong and heavy. To make lightweight, protective structures researchers recommends
origami-inspired design [30]. Their suggested origami structures absorb energy and reduce collision energy. They further added that using a rotary protective structure is better than a fixed protective structure. The protective structure can turn about the robot’s yaw pivot. For both oblique
and normal collision, the collision force decreases when origami-protected structure is used instead of naked protective structure because the collision duration is significantly longer for origami10

protected structures. It is further observed that, a rotary protective structure and a fixed protective
structure behave similarly when the force is normal. But, when the force is oblique, the collision
force reduces when rotary protective structure is used. Moreover, angular speed is much higher for
the fixed protective structures than the rotary protective structures.
Some researchers prefer a protective structure that can absorb collision energy. There are many
ways to make the protective structure absorb collision energy. One such way is making a protective
structure using Euler Spring [16]. An Euler spring is a narrow column that is bent and loaded axially
and kept in a balanced state [19]. So, when any force is applied to the two sides of the column,
the column bends to compensate for the pressure. In this design, a tetrahedral structure has been
developed. The edges of this structure are made of Euler springs. Whenever any collision occurs,
the edges buckles, so the frame also buckles, and thus the impact energy is absorbed. The amount
of energy that can be absorbed depends on the length of the springs. If the length is increased, more
energy is supposed to be absorbed, but the size of the frame will increase, resulting in a bigger size
of the robot. The design is very good for compensating impact of a large amount of force. The
weight of the frame is not too much, which is an advantage, but the frame increases the size of the
robot. So, if the environment is dense, this configuration will not be suitable. This design is best
suited if the collision is expected to be with concrete or any surface with a larger area.
Work has been done to protect the drone from a collision in [23]. This idea is inspired by the
wings of the wasp in which a flexible, resilient joint is present. This design permits the wingtip to
flex marginally during the flight, which is the firm state, and let it fold along a bend line when any
collision happens. They adopted this strategy for the protection of the frame of multirotor aerial
vehicles. Their proposed approach depends on two components that work in collaboration. The
first component is a frame with dual-stiffness properties, which helps transit reversibly between
inflexible and flexible states to achieve mechanical compliance. The second component is a case
guarded by energy-retaining materials, which permits ingesting an effect’s energy and saving the
body. The proposed strategy is good when considering collision in the lateral axis. But, they have
not mentioned any solution to mitigate a collision in the vertical axis. Moreover, the propellers are
designed to stay protection-free. If any branch of a tree enters into the area of the propeller, it can
break. They have suggested that individual cages around the propeller can be designed to protect
the propeller. If that is done, the overall weight will increase. They have not mentioned whether the
current motor and battery configuration will be able to carry that added weight. The total weight
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at the current configuration is 51 grams. If the weight is increased 4 or 5 times, the momentum
will increase for the same speed. So, the impact of collision will be higher. This strategy does not
provide any insight into how to fix a multirotor vehicle with a larger weight.
In [7] a model, named GimBall, has been designed and developed. The idea is to make a protective structure around the inner frame to keep the inner frame secured from collisions. This protective structure is built to absorb impact energy without cracking, and it ought to be adequately
solid to secure the inner parts. The gimbal system is used to compensate for the disturbance after
any collision so that the inner frame stays steady and stabilized. The inner frame is designed to hold
all avionics to allow autonomous flight. All the sensors and control electronics are mounted in the
inner frame in a way that the center of mass is adjusted with the axes of rotation to ensure proper
mitigation of the disturbances. The design idea is good, but there are some issues to be taken care
of. First of all, the design is based on a twin coaxial rotor system. This type of system is very complex. If torque imbalance occurs, it will make the yaw uncommanded. The two rotors will rotate in
the opposite direction. So, the upper rotor will feel a downward force due to lift, whereas the lower
rotor will feel an upward force. So, there is a possibility for the rotors to be intersected. The study
mentions this design is suitable for protecting the drone when moving in the forest. But the outer
frame can protect the gimbal and inner frame by absorbing energy when it collides with something
like a wall or stems; small branches can still enter through the open spaces in the outer frame and
disturb the inner frame as can stop the rotation of the propeller. The gimbal compensates and keeps
the drone in the same direction of motion. So if any branch enters through the outer frame from
the top and the drone is also moving towards up, the drone will go down slightly after any collision.
Because of the gimbal system, it will again move towards up. As a result, the drone could be stuck
in a loop of going up and down.
A study designed and fabricated a protective structure with a radius of variable curvature [24].
The material used for this design is carbon fiber. The variable curvature helps to minimize negative
aerodynamic effects. Using carbon fiber makes the protective structure strong while keeping the
weight light. This proposal does not mention the drone configuration. So, it is not specified how
much lift needs to be generated to work this structure.
Two hemispherical rotating shell is proposed as the protective shell [28]. These two hemispherical shell can rotate independently. The purpose of the gap between the two hemispherical shell is to
allow physical interaction and power tathering. For physical interaction, manipulation system can
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be positioned along the roll axis which lies between the gap of the two hemispherical shell. The
proposed system is good as it considers possible physical interaction and power tathering. But,
as the two hemispherical shells rotate independently, there could be estimation errors in rotation
changes after a collision due to different rotation rates. Moreover, this system does not allow yaw
rotation because of the presence of the manipulation system. The manipulation system is designed
to put in the roll axis, which is supposed to move in response to any collision. This will move the
end-effector in a disorganized way which is not desired.
In order to protect the propellers a design has been proposed that includes rotating hemispherical shells around every propeller [29]. This design will provide protection and collision resiliency.
As, the protection can be developed around every propeller, this design allows different type of
configuration like trirotor, quadrotor etc. The motivation behind this design is to protect the propellers as well as to keep the camera view clear. Because, if the shell rotates around the UAV body,
it sometimes blocks camera view, which results in unwanted behaviour. As the rotating shells will
be around the propellers only and the camera will be mounted at the top or bottom of the UAV
body, the camera view will always stay clear. The design solves the issue with the camera view very
well. But, two rotating shell around each propeller will make the drone very heavy. As per the requirements of a mission every drone requires some equipments to carry with it. So it is necessary
that the overall weight is kept as low as possible. Two rotating shell for every propeller introduces
total eight rotating shells which will add too much weight.
A foldable cage is developed [17] to minimize the storage space. The cage is designed to protect
the drone and the parcel carried by the drone. The cage can be folded when it is not being used and
needs to be stored. The idea of a foldable cage is good. But to make a cage foldable, the cage has
to be very big compared to the drone’s size. So the overall size of the system increases. If the size
increases, the accessibility of the drone in the dense area will reduce.
Another drone intended to be implemented in parcel services has been developed by making a
cage around the drone [18]. The cage is designed for two reason: first, to protect the parcel, carried by the drone and second to protect humans from getting hurt by the propellers. Its propeller
can retract during take off and landing but extends while flying which helps increase efficiency and
stability. If during flight the propeller stays outside, they could break if collide with the environment. But, the idea of retracting propeller is good because, in that case, we can add more equipment
with the drone but the airflow will not get obstructed. We can modify this design by keeping the
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propeller guarded even when it is extended.
There are some different kinds of the protective system as well. One of these protective system is
the icosahedron tensegrity structure that has been developed to protect the drone [34]. The frame
is made of rigid bodies. It is designed to distribute the load among the members, and the rods do
not undergo bending moments in impacts. The structure is very complex. If the size of the drone
increases, the complexity increases.
Some drones can change orientations to fit in different pathways [13]. Like a bird, this drone
can squeeze and penetrate through small gaps. This design is good, considering the drone can
access through gaps of different shapes by squeezing the body. But, this change in form changes the
center of gravity which makes the control very complex. Moreover, the design is more susceptible
to instability after any collision.
A multirotor configuration is developed that can change its orientation to grab an object and
move it to a different place [35]. This design is good, although the control strategy is very complex
as the center of gravity changes with orientation change. This design can be modified to do another
task like measuring a cylinder.
Table 2.0.1 summarizes the studies that have been discussed in this chapter. We can observe
from the table that carbon fiber materials are most preferred for constructing protective structures
because carbon fibers are lightweight and strong. Keeping the propellers safe from collision is one
of the most important purpose of a protective design. That is why preventing collision along the
lateral axis is given more importance. But, protecting the full body of the drone is preferable. The
energy-absorbing capability of the protective structure is another vital consideration to reduce
damage due to collision. To allow the protective structure to absorb energy, different structures
have been made, and different materials have been used. Rotary protective cages are preferred
to minimize collision forces. In this regard, the priority is to make a protective structure able to
rotate about all three axes. If it is not possible to allow rotation about three axes, it is better to allow rotation about at least one axes than making a fixed protective structure. For some designs, it
was not possible to allow rotation; in those cases, a control strategy was developed to prevent the
drone from falling into the ground. If a control strategy is not used to avoid rotation, the protective
structure that can reorient to a normal position after falling into the ground can be developed. The
protective structures are made of small parts instead of using large parts to increase stiffness.
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Table 2.0.1: A comparison among different protective techniques.

Name
Safe-to-touch
Drone
Recovery Control
Strategy

Configuration
Quadrotor

AR Drone

Quadrotor

Miura-O-Ring
Structure

Quadrotor

Euler Spring Protection
Gimball

Quadrotor

Pico

Quadrotor

Coaxial
rotor
Quadrotor

Two hemisherical
shell (drone)

Quadrotor

Two hemisherical
shell (each rotor)

Quadrotor

Foldable cage

Quadrotor

Tensigrity
ture

Quadrotor

struc-

Specification
Protection around propellers, use of
wood and mesh, cannot rotate
Fixed protection, protection for horizontal collision, presence of recovery
control systems
Unprotected propellers, electronics
are guarded, fixed protection
Protection for horizontal collision, rotary protective structure, energy absorbance capability using origami
Energy absorbance capability, cannot
rotate, can reorient if falls into ground
Rotate around 3-axes, protects full
drone, use of carbon fiber rods
Carbon fiber structure, cannot rotate,
cannot reorient if falls, protect drone
from all direction
Rotate about 2-axes, cannot rotate
about yaw axis, protection from all direction, carbon fiber rods
Protects propellers only, cannot rotate,
cannot reorient if falls, use of carbon
reinforced material
Cannot rotate, cannot reorient if falls,
propeller protection only, use of carbon fiber beam
Cannot rotate, can reorient if falls, full
body protection, use of carbon fiber
rods
Can squeeze to avoid obstacles, no
physical protective structure
Multirotor changes orientation, protection around propellers, can avoid
obstacles by changing orientation

Squeeze and fly

Quadrotor

Multirotor manipulation

Quadrotor
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These are the major observations from this investigation. Based on the information obtained
from this study, two protective structures have been prototyped. In the next chapter, we will discuss
the design consideration and manufacturing process of the prototyped protective structures.

16

3

Methodology

In the previous chapter, we have discussed different approaches to protect a drone. We have compared the design strategies and found out the major considerations. Based on the findings from
studies, two protective structures have been developed. In this chapter, the design considerations,
strategies, developed work, and their limitations will be discussed.

3.1

Drone Selection

The selection of a suitable drone was the first consideration in the design process. While many researchers prefer hexacopters for having more control input some others prefer single rotor drones
with additional control unit. After studying several research works, a quadrotor drone was selected for this project because quadcopter-dynamics are comparatively straightforward while quadcopters are easy to build, and compact.
According to the design considerations, the QAV250 kit has been chosen. This kit includes the
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components in Table 3.1.1.
Table 3.1.1: Components of QAV250 Kit.

Component Name

Description

Frame
Motors
Propellers
Autopilot
GPS
ESCs
Telemetry Radio

Carbon Fiber Airframe
DR2205 KV2300
Cyclone 5040c
Pixhawk Mini 4
Pixhawk4 GPS
BLHeli S ESC 20A
433 MHz

The frame of the drone is made of carbon fiber. The mid plane is mounted on the bottom plane.
Between these two frames, the arms are mounted. The flight controller plate is mounted above the
mid plane. The pixhawk 4 mini is mounted at the top of this plate. When all the electronics connections are installed, the top plane is mounted with the mid plane using frame hardware. There
are four motors available in the QAV250 kit. Two of them rotate clockwise; the other two rotate
counterclockwise. The motors are mounted in the arms of the carbon fiber frame. There are particular spots in the arms reserved, especially for motors. The propellers are made of plastic. They are
mounted at the top of the motors using nut. The function of pixhawk 4 mini controller is to direct
the motors RPM based on the input command. It also uses sensors to determine vehicles’ states.
The pixhawk 4 GPS helps acquire position when flying the drone outside. The QAV250 power
distribution board comes with fully assembled electronic speed controls(ESCs). The function of
power distribution board(PDB) is to distribute power from the flight battery to all different components of the quadrotor. The telemetry is a computerized two-way information stream, which
can both send information about the trip down to a ground station (for our situation, the Mission
Planner) and send order up to the autopilot.
The DR2205 KV2300 motor can generate up to 1100g thrust when cyclone 5040c propeller
is used. The four motors together generate a thrust of 4400g. In general, the entire payload of a
drone, including the drone’s weight, should be less than half the total generated thrust. So, the
maximum allowed weight, including payload, for the selected configuration is 2200g. The drone
18

kit’s weight is 350g. To power the system, 1300mAh 14.8V 95C 4S LiPo battery has been used,
weighing 150g. So, the total weight of the drone is 500g. As the total allowed weight is 2200g, the
payload’s maximum weight could be 1700g. If we consider developing a protective structure of
about 300g, the drone can still carry a load of 1400g.

3.2

Quadrotor Mathematical Model

Before starting the design considerations, we need to discuss some basics related to quadcopters.
Consider an unknown, 3D environment W ⊂ R3 populated with many unknown random obstacles of arbitrary shape and size. A drone has to perform a task in that environment. The drone can
search for a safe path using obstacle avoidance algorithms while performing an assigned task. However, consider the environment be so cluttered that it is not possible to avoid obstacles. In that case,
the drone has to either stop moving or fly, finding a less risky path. If the drone continues moving,
a collision is probable to happen. When a drone collides with an obstacle, there are several plausible outcomes. Besides breaking the propellers, the drone can become unstable. Because when any
propeller fails, the thrust generation reduces, and so, thrust generation of different motor differs.
In the worst possible case, the drone can fall. In the next section, fundamental concepts related to
quadrotor drones will be discussed.
3.2.1 Basic Concepts
In the quadrotor, there are four motors structured in a cross (X or +) configuration. Each rotor of
a motor is connected to a propeller. The motors are mounted so that the motors’ rotor mounted
in the same arm rotates in the same direction. The rotors of the motors mounted in the other arm
rotate in the opposite direction. That means the rotors of the two side-by-side motors rotate in
opposite directions. A quadrotor has 6 DOF; those are the three coordinates X, Y, Z, and the three
attitude angles θ, φ, ψ. Notice that it has only four rotors that control this 6 DOF system. That
means the quadrotor is underactuated system and four control inputs can be chosen using the four
rotors to get the desired attitude.
• Throttle, T, is obtained by controlling the speed of the propellers. This force acts vertically.
By increasing the force we increase the height of the quadrotor and by decreasing it we make
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the quadrotor to lose altitude. If the quadrotor is upside down with no rotational force,
increasing thrust causes the drone to fall as thrust acts downward in this case. All the motors
should generate the same amount of force for obtaining linear movement vertically. If all
the motors generate maximum force, then thrust will be full (considering all the motors are
equally efficient).
• Roll, θ , is a rotational movement about one of the horizontal axes. Considering the motor
generating force F1 is mounted along the X-axis, the roll is obtained by increasing or decreasing force generated by any one of the motors between F2 and F4 . If the right propeller’s
speed is increased, the roll will be counterclockwise, and if the speed of the left propeller is
increased, the roll will be clockwise.
• Pitch, φ, is the rotational movement along the other horizontal axis. This time, the pitch is
obtained by increasing or decreasing one of the propellers’ speed between F1 and F2 . If the
front propeller’s speed is increased, the pitch will be counterclockwise, and if the speed of
the back propeller is increased, the pitch will be clockwise.
• Yaw, ψ, is the rotational movement along the vertical axis. It is obtained by increasing or
decreasing the couple of front/rear propellers or other propellers. If the front/rear couple
of propellers are rotating clockwise, increasing their speed will result in yaw in the clockwise
direction and vice versa.
The accelerations along three axes are obtained from the following equation [20].




 
fx
cosψsinθcosφ + sinφsinψ
ẍ




 
ÿ = Fzq /m sinψsinθcosφ − sinφcosψ  − 1/m  fy 
G + fz
cosθcosφ
z̈

(3.1)

Here, Fz q is the force along Z axis, m is the mass of the drone, and fx fy fz are drag forces, G is the
force due to gravitational acceleration. From equation (3.1), we can observe that upward direction
acceleration depends on the roll and pitch angles. Due to a collision, if the frictional forces introduce rotation in the drone’s body, the roll and pitch angles will increase. If the roll and pitch angles
increases, their cosine value decreases, which eventually reduces the acceleration towards positive
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Z direction according to equation (3.1). As a result, the drone experiencing rotation, will lose altitude, and eventually fall into the ground. This phenomenon motivates us to develop a protective
structure that mitigates changes in roll and pitch angle after a collision happens.

3.3

Truncated Icosahedron Shaped Cage

There are many protection mechanisms to protect the drone’s components. Some protective structures are meant to protect the propellers [4], [10], [29], some protective structures protects the
electronics [8], some other protects the entire drone [16], [7], [24], [28], [28], [34]. Many researchers consider circular protection around a drone [30]; thus, when a horizontal collision occurs, the protection mitigates the impact. As there is no protection for vertical collision, this protective structure is not suitable for applications when a drone needs to move up and down repeatedly.
This kind of protective structure holds no good when a vertical collision occurs. Some researchers
focus on developing a control strategy to control the drone’s attitude following a collision [10].
Some other prefers using rotary protective structure to minimize the change in attitude due to collision [30], [7].
A protective cage is ideal if it can provide protection all around an object. If any side of a drone
is open to collision, the drone is not secured. For example, if there is a circular protective structure
like [30], there is no protection if there is a collision from the drone’s top or bottom. A drone moves
in 3-dimensional space. So, a collision can be horizontal, vertical as well as oblique. That is why
protecting a drone from a horizontal collision is not sufficient. Moreover, the mainframe of a drone
contains critical electronics and control systems. If this part breaks due to collision, there is no use
of the fully secured propellers. That is why there are protective mechanisms available to protect
only the mainframe [8]. After studying different protective mechanisms, we choose to develop a
structure that can protect the drone from vertical, horizontal, and oblique collision. The previous
section discussed that increasing roll and/or pitch angles cause a reduction of acceleration in the
positive Z-axis. If a protective structure can rotate with respect to the drone due to a frictional
force, the attitude of the drone should not change. That is why we want the protective structure to
rotate around the drone. Such a cage could be a rectangular-shaped protective structure because
it protects from all directional collisions. Nevertheless, a rectangular cage has sharp corners and
does not maintain uniform and smooth contact with the surface. Moreover, a rectangular cage
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only allows rotation around the yaw axis unless the cage’s height equals the width of the cage.
A circular protective structure can maintain uniform and smooth contact with the surface if the
circular structure moves perpendicular to the direction of the surface. For this reason, most of the
protective structures are made circular [4], [30], [24]. A spherical protective structure can always
maintain smooth contact with the surface because it always moves perpendicular to the collision
surface [7], [28], [29]. However, a spherical protective structure can be improvised and made
more efficient. As protective frames cannot be made perfectly smooth to reduce frictional force
due to collision, a gimbal system can be used. As the gimbal system allows the protective structure
to rotate with respect to the drone, collision forces do not affect in drone’s attitude change, thus
allowing the drone a safer flight. The gimbal system may also have friction and may not rotate
smoothly. Bearings can be used in the pivots of the gimbal system to enable frictionless and smooth
rotation of the gimbals.

3.4

Design Considerations for Truncated Icosahedron Shaped Cage

collision can possibly break the parts of the drone and introduce rotational movement in the drone.
It is necessary to prevent damage as well as rotation after a collision. This section will discuss the
design and manufacturing process of the truncated icosahedron shaped caged drone. The design
focuses on solving both the problem simultaneously.
The design consists of the following parts:
• Three axis Gimbal allows the drone to rotate freely with respect to the cage and the cage
itself, with an almost circular shape.
• The cage protects the drone, mounted inside it from collisions from all directions. It can
rotate around the drone to mitigate unwanted roll and pitch of the drone.
3.4.1 3 axis Gimbal
A gimbal permits an item to turn about an axis. A gimbal, mounted symmetrical to another gimbal,
permits turning along two different axes. In this work, three gimbals have been mounted orthogonal to one another to enable the robot to rotate about three axes. For smooth and frictionless rotation, a bearing is used in the pivot. As shown in the figure 3.4.1, the connection at pivot 1 enables
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the drone to rotate about the Z-axis, pivot 2 and 3 allows rotation about Y-axis, and pivot 4 and 5
connected to the cage allows rotation in X-axis. The gimbal structure was constructed using carbon
fiber rods, and 3-D printed joints, ensuring modularity as the rods are connected at the joints and
can be easily replaced. The gimbal was carefully assembled so that all the pairs of rotational pivots
are aligned with each other and centered about the middle of the cage.

Figure 3.4.1: Three axial Gimbal mounted on the top of the drone. This gimbal is mounted in a cage, as
shown in Figure 3.4.6.

The design considerations of the gimbal is as follows:
• The gimbal needs to rotate easily. If the gimbal experiences friction and doesn’t rotate easily,
the cage won’t rotate smoothly about the drone. Therefore, the cage won’t reduce frictional
force as examined in the previous section.
• The diameter needs to be bigger than that of the drone with the propeller on it. Because the
ring of the gimbal can rotate, and if the diameter of the ring is not bigger than the drone’s
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diameter, the propellers are likely to collide with the ring. As a result, the rotation ability of
the ring is disturbed, and the gimbal becomes unable to have a full rotation. Moreover, the
propellers can break or the propellers can cut the ring.
• A drone has to carry several components. To let the drone allow to carry as much payload
as possible, the weight of the gimbal should be as low as possible.
• It needs to be strong enough so that it does not bend due to the weight of the drone
The drone is 400mm long, with the propeller on its longest side. So, the diameter of the outer
frame needs to be more than 400mm. The outer frame was chosen to be 420mm. Initially, the outer
diameter was designed to be circular. However, the most 3d printers do not allow printing a model
with 400mm length. So, the circular outer frame was divided into eight arcs and connected to
make the frame. To make the outer frame, Polyethylene terephthalate glycol(PETG) material was
used. The reason behind choosing this material is, it is firm, and it has low shrinkage property. An
object made with PETG can survive large impacts. However, after printing the arcs and connecting
them to make the circular ring, it was observed that the ring bends due to the weight of the drone.
So, using the outer frame using this material was not suitable. In order to make the outer cage
stronger so that it can sustain the weight of the drone, carbon fiber was chosen as the material
for the outer frame. However, it was not possible to make a 3d printed circle using carbon fiber
due to the unavailability of the required printer. So, instead of a circular outer frame, an octagonal
outer ring has been chosen. The edges of the ring are made with a carbon fiber cylinder with an
outer diameter of 6mm. The cylinders are connected using joints made of PETG(Polyethylene
Terephthalate Glycol).
As it is clear from the figure 3.4.2 that, the medium diameter of the octagonal shaped gimbal
should be equal or more than the previously chosen circular gimbal’s diameter.
The relation between medium diagonal and edge ise = a(1 +

√

2)) ,

(3.2)

For our design, e = 420mm, putting this value is equation (3.2) we obtain, a = 174mm. The
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Figure 3.4.2: A regular octagon, where a is edge length, d is long diagonal, and e is medium diagonal.

relation between long diagonal and edge of an octagon is√
√
d = a 4 + 2 2,

(3.3)

Putting a=174 in equation (3.3), we obtain, d = 455mm.
For making a regular octagon, the angle between two edge is kept 135◦ . In figure 3.4.3, the design
of the 135◦ joint is shown.
The octagonal gimbal is connected with the cage with two pivoting joints (figure 3.4.1, pivot-4
and 5). A screw connects the cage with this pivoting joint. The screw goes into a bearing that is
mounted inside one of the joints in the cage. As a result, the cage has the ability to rotate using this
pivoting joint. In figure 3.4.3, the model of pivot is shown. There is a whole in this pivot, so that
the edge of the octagonal gimbal can penetrate.
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Figure 3.4.3: Left: Joint between the two edges of a octagonal gimbal ring; Right: Pivot that connects
the octagonal gimbal with the cage.

The middle gimbal also connect with the inner gimbal using another pair pivot (figure 3.4.1,
pivot-2 and 3). The shaft of the inner gimbal goes into the bearing inside the pivots. As a result, the
shaft can rotate with respect to the middle gimbal (Octagon). The design of this pivot is shown in
figure 3.4.4. This pivot also has a hole to let the edge of the octagonal gimbal go through it.
3.4.2 Cage
The most important part of the design is the cage because it protects the entire system that is
mounted inside it. So it has to be strong, but there are some constraints in design consideration.
• The size can’t be too large. As the size expands, the weight likewise increments. Keeping the
weight of the cage as little as possible helps the drone carry more payload and increase flight
time.
• The cage has to be perfectly spherical so that it can rotate. If the cage is not spherical, it will
not roll smoothly when it comes to in contact with an obstacle. This may cause unwanted
bounce, which may disturb the normal flight path.
26

Figure 3.4.4: Left: Pivot that connects the octagonal gimbal with the inner gimbal’s shaft; Right: Pivot
that connects with the drone.

• In our design, the cage itself works as the outer gimbal. So, it has to be strong enough to
survive collision but must not have too much inertia to disturb rotation when a frictional
force applies.
• If the collision energy is high, the probability of damage is also high. So, the cage should be
able to absorb some collision energy to minimize the probability of damage.
In order to make the cage, the truncated icosahedron shape has been choosen. A truncated icosahedron is a three dimensional polyhedron. It has 32 polygons where 20 polygons are hexagons and
the rests are pentagons [33]. The total number of edges is 90 and there are 60 vertices where two
hexagons and one pentagon meet in each vertex [33]. This shape is commonly used for soccer balls.
The dihedral angles are as follows• Hex-Hex angle: 138 degrees, 11 minutes [3]
• Hex-Pent angle: 142 degrees, 37 minutes [3]
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In order to make the cage, 60 joints have been printed to use as the vertices. The joint maintains
the dihedral angles’ requirement. The joint without the hole for the bearing was found online [1],
and then it was modified to place the bearing inside it. Both the joints are shown in figure 3.4.5.

Figure 3.4.5: Joints of the truncated icosahedron shaped cage. Each joint has three holes, where two
edges of two different hexagon is inserted, and one edge from pentagon is inserted; The joint in the left has
no space holding bearing; The joints in the right has an additional hole where a bearing is mounted.

A truncated icosahedron is an Archimedean solid [33]. The formula [2] for calculating the
length of each edge given the radius of the solid is as follows:
√
√
r = a/4 58 + 18 5 ,

(3.4)

where, r is the radius of the shape and a is the edge length. As the desired radius is more than
220 mm considering the size of the chosen drone , the edge length is 8.9 mm.
The edges were made using carbon fiber tubes. Using carbon fiber makes the cage strong while
keeping the weight light. The properties of carbon fiber tubes used in this work in shown in Table 3.4.1.
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Figure 3.4.6: Fully assembled truncated icosahedron shaped caged drone.
Table 3.4.1: Material properties of carbon fiber tubes used to make the cage.

Property

Description

Material
Appearance
Shape
Texture
Color
Clarity
Wall Thickness
Tolerance Rating
Outer Diameter
Inner Diameter
Inner Diameter Tolerance

Carbon Fiber
Plain
Round Tube
Smooth
Black
Opaque
0.02”
Standard
0.078”
0.039”
-0.006” to 0.006”

Considering the constraint that, the cage should have the ability to absorb some of the collision
energy, it is needed that the cage has some sort of flexibility. The edges were made using carbon
fiber cylinder which are strong but are not flexible. In order to add some flexibility or elasticity, the
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joints are made using thermoplastic polyurethane (TPU 95A) which is a flexible material.
3.4.3 Concluding Remarks on the Design
The cage and gimbal system weighs around 230g. So, the total weight of the drone, including the
cage, is 820g. This meets the desired weight consideration. The diameter of the cage is 480mm. As
the cage joints are made of flexible material, the cage has some elastic property which helps absorb
energy during a collision. The edges of the cage are made of carbon fiber cylinders which makes the
cage strong. As the outer frame and the inner frame of the gimbal are made of carbon fiber cylinders,
the gimbal is also strong and capable of holding the drone’s weight without bending. Finally, the
bearings in all the pivots help the cage rotate smoothly. So, whenever the drone situated at the
center of the cage feels any disturbance due to collision and tends to change the roll/pitch/yaw
angle orientation, the cage rotates and keeps the drone in a stable flight condition.
The cage’s previous design is good as it can successfully provide protection to the drone and help
correct undesired roll, pitch, or yaw angle. However, the design is very complex, and the building process is time-consuming. More importantly, the maintenance of the cage also takes time.
For example, the truncated icosahedron shape requires joints that connect two pentagons and one
hexagon. If any edge of any polygon breaks after a collision or crash, two joints connected to that
edge need to be changed. Because when the carbon fiber tubes are glued into the joints, the only
way to remove them from the joints is to cut the joints. So, the joints have to be disconnected from
the edges. To disconnect the joints and the edges is hard as the connections are made as strong as
possible for making a safer cage. Also, the cage’s diameter has to be larger than the outer gimbal
diameter. Otherwise, the outer gimbal cannot rotate freely inside the cage. As a result, the cage’s
overall size becomes large compared to the drone that the cage protects. As the cage becomes large,
the weight increases. Because of these drawbacks, the following design will make the cage smaller
than the previous one, which disallows installing a 3-axis gimbal inside the drone.

3.5

Turtle Shell Shaped Cage

If the goal is to keep the drone protected from potential collision around it a spherical shaped cage
will definately fulfill this goal. However, a spherical cage takes more space than requires to make
a fully protected cage. The cage that protects a drone has a diameter larger than the width of the
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drone. If the cage is spherical, there remains a unused space above and below the drone inside the
cage as the height of the drone is much smaller than the width. As the spherical cage is inefficient in
space consumption, an ellipsoidal cage can be a better option. It is possible to adjust the polar radius
and equator radius of the ellipsoid based on the drone’s dimension. As the polar radius will depend
on the height of the drone, there will be less unused space. For the same radius, an ellipsoidal cage
needs smaller space than that of a spherical cage, and it can protect the drone. But, if the cage is
made smaller, it is not possible to mount a 3 axis gimbal inside the cage. However, following a crash,
there is a higher possibility of the drone falling into the ground upside down. An asymmetric cage
can prevent this problem.

3.6

Design Considerations for Turtle Shell Shaped Cage

First of all, it is mandatory to protect the drone from all around it to maximize safety. As we are
considering to minimize the size, it is not possible to mount a 3-axes gimbal inside the protective
structure. But, it is possible to allow yaw rotation while keeping the size smaller. The cage is given a
shape very close to a turtle shell, so that after falling into the ground the cage can roll in the ground
to a suitable position to allow the drone can take off again. This section presents the design and
fabrication of the turtle shell shaped caged drone. The design consists of the following parts:
• Single axis Gimbal allow the cage rotate freely about the yaw axis. This helps minimize frictional forces acting perpendicular to the drone’s yaw axis.
• A cage capable of protecting collision from all directions. If the drone falls into the ground,
the cage should help the drone to reorient to a take off position.
3.6.1 Single axis Gimbal
We have opted out of using a 3-axes gimbal system for this design to minimize the radius of the
protective structure. But allowing the protective structure to rotate about the drone’s yaw axis will
not increase the size of the cage. It is wise to use a protective structure that can rotate freely with
respect to the drone because using a rotary is better than a fixed protective structure [30].

31

Figure 3.6.1: Single axis gimbal; (a), (b) are snapshots of gimbal position with respect to the main
frame.

The main part of the gimbal is a central part having four arms. The arms help to connect the cage
and the gimbal using carbon fiber shafts. We printed the central part using Ultimaker Cura Printer.
The material used for this is PETG. The central part has a hole in the middle where a bearing is
mounted. There is a screw, which goes through the mainframe and the bearing hole mounted in the
gimbal’s central part. A nut has been used to keep the screw tight. As the screw connects both the
mainframe and the gimbal, the gimbal can rotate freely without disturbing the mainframe, which
holds the drone. Moreover, the gimbal is connected with the cage using carbon fiber shafts. As
a result, the cage rotates with the gimbal. Figure 3.6.1 shows random positions when the gimbal
rotates. The mainframe stays fixed with the drone.
3.6.2 Cage
The previous cage was of a truncated icosahedron shape (Figure 3.4.6). This shape stays very rigid
because every polygon is connected to a number of polygons. These polygons support each other.
If any part of a polygon suffers a problem, all the related connections suffer problems as well. If
any part of the cage needs to be changed, some related parts also need to be changed. That is why
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the cage should be simpler. This cage consists of ten arms. Each arm consists of five carbon fiber
rods connected by 3d joints. The two side-by-side arms are not connected. As this cage has fewer
interconnected edges, it will not be as rigid as the previous cage.

Figure 3.6.2: Left: Turtle shell shaped cage; Right: Turtle shell shaped cage with inner frame is
mounted in it.

It is not possible to mount a 3-axes gimbal system inside the cage, as the radius is smaller than
the truncated icosahedron shaped cage. The absence of a gimbal system does not allow the drone
to mitigate unwanted roll or pitch. So, it is very probable that after a collision, the drone may lose
altitude due to roll/pitch imposed by the impact and may crash into the ground. If the drone falls
into the ground, it is required that the drone can take off again. But, if the drone falls in an upsidedown orientation, it will not be able to take off. Our design (Figure 3.6.2) of the cage is inspired by
the working principle of turtle-shell, and can roll back to a stable position, like a turtle shell, which
allows the drone to take off again.
A turtle shell has a variable radius of curvature. The bottom has smaller radius and the radius
increases gradually and become most at a top part of the cage. The cage three major components;
(i) joints between the edges, (ii) carbon fiber edges and (iii) circular rings to hold all the edges
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Figure 3.6.3: Fully assembled turtle shell shaped caged drone.

together.
The joints are 3d printed. Each joint connects two edges 150◦ . The carbon fiber rods makes the
edges. Two carbon fiber rods connect each other using a 3d printed joint. As one edge connects
with only one edge using a simple joint, the overall design is simple. The variable radius is made
by making the edges of different length. At first ten curves were made using joint and carbon fiber
rod. Then these curves are oriented in a equal space in a circle using top, mid and bottom ring of
the cage. Figure 3.6.2 shows the cage (left) and the cage with the gimbal mounted in it (right).
This system is connected with the mainframe of the drone. The fully assembled turtle shell shaped
caged drone is shown in figure 3.6.3.
3.6.3 Concluding Remarks on the Design
This cage is smaller than the previous cage. The design is more straightforward. It is effortless to
make changes if any component breaks. So, this cage serves the purpose of getting a protective
structure with simple maintenance. The two developed caged drones were experimented to analyze their effectiveness. The experiments were not identical because the turtle shell shape caged
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drone does not have gimbal system, and so cannot roll in all directions. In the next chapter, the
experimental results will be discussed.
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4

Results

In the previous chapter, the design criteria, constraints, and design process have been discussed.
It is not guaranteed that the design process’s assumptions will hold good after the experimental
trial. However, based on the experiments, observations, and analyzing data, the design process’s
drawbacks can be figured out and solved for future improvements. In this chapter, the two cages,
designed and developed as described in the previous chapter, were put in several experimental trials
to observe their functionality. The two designs have some similarities and some differences. So
some of the experiments were identical, and some others were different. In the following sections,
we will discuss the experiments’ findings for both cages and make related reasonings.

4.1

Experiment on the Truncated Icosahedron Shaped Caged Drone

This section describes the experiments performed on the truncated icosahedron shaped caged
drone. As this cage’s shape is very close to a sphere, and as it has a 3-axes gimbal mounted inside
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it, it should act as a ball, rolling on the ground, and even along a wall. Moreover, as the cage’s primary goal is to survive collision, it should keep the drone safe after a strong impact. The following
experiments were performed to observe the effectiveness of the cage.
For further references go to the next url: https://www.youtube.com/watch?v=wXr7xnFbTHg&
list=PLR_0vgr_c8EQvAiRfXq2-CCqNWmKDVvrn&index=1
4.1.1 Rolling in the Ground
Due to the cage’s sphericity coupled with the 3-axes gimbal system, flying the drone close to the
ground should cause the cage to roll on the ground. To confirm this hypothesis, we performed a
couple of experimental flights. Figure 4.1.1 shows some snapshots from the experiment. The drone
starts from the position shown in figure 4.1.1(a) and move to another position shown in figure 4.1.1
(b). It was confirmed that the cage works as a wheel when the drone is in the ground. When the
cage rotated on a flat surface, the robot could move smoothly; but the rough surface caused the
drone to bounce. The cage could survive jumping and rolling on several surfaces.

Figure 4.1.1: Snapshots when the drone is rolling on the ground.

4.1.2 Climbing Up and Down a Wall
After confirming the drone could successfully roll on the ground, it was expected that the drone
could roll along a wall. To test this, the drone’s flight trajectory was planned close to the wall so that
the cage could contact with it. It was observed that the wall’s smooth surface enabled an effortless
roll compared to the ground roll. Figure 4.1.2 shows some snapshots when the drone climbed up
and down a wall. The drone starts from the position shown in figure 4.1.2(a) and move to another
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Figure 4.1.2: Snapshot of the truncated icosahedron shaped caged drone when it is rolling along a wall.

position shown in figure 4.1.2 (b). While climbing up and down the wall, the drone continuously
bounced with the wall because it was hard to maintain a specific distance from the wall by controlling the drone manually. The cage survived those minor collisions with the wall, so it was easier to
decide the next experiment of performing a harder collision.

Figure 4.1.3: The truncated icosahedron shaped caged drone collides with a wall. In figure (a) the
drone is moving towards the wall, in figure (b) the collision is happening, and in figure (c) the drone is
bouncing back from the wall.

4.1.3 Colliding with the Wall
The most crucial part of the experiment was to confirm if the cage could survive a significant collision with objects in the environment. As shown in figure 4.1.3, the drone was flown into the wall
at an average speed of 6 km/h, and it was observed that the drone’s cage absorbed energy from the
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collision and bounced away from the wall.

4.2

Flight Data Analysis on the Truncated Icosahedron Shaped Caged
Drone

It is essential to understand how the critical parameters respond after attaching the drone to a cage
that can rotate. The flight data was analyzed to get a better understanding, and the responses of the
parameters were observed. Figure 4.2.1 shows the roll angles with respect to time.
In the plot, the region marked in the blue rectangle represents the state when the drone is rolling
on the ground. The drone was moved in a particular direction by changing the roll angle while
keeping the altitude low so that the cage stays in contact with the ground. In this case, a frictional
force acts, as shown in figure 1.2.1. So, the drone should have experienced unwanted rotation.
But, we can observe from the figure that the roll setpoint and estimated roll are the same. The roll
setpoint here is the command given by the pilot, and roll estimated is the actual roll experienced by
the drone. The estimated roll follows the roll setpoint smoothly because the cage rotates due to the
frictional forces, and the drone is not affected by the frictional forces. The region marked in a black
rectangle in the plot represents the state when the drone is flying. In this state, the user’s command
is minimal, and the roll estimated follows the roll set by the user.

Figure 4.2.1: Changes in roll angle with time. The green curves shows the roll set by the pilot; the red
curves shows the roll estimated by the drone. Y axis of the plot shows roll angles in degrees. X axis shows
time in minutes.
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4.3

Experiment on the Turtle Shell Shaped Caged Drone

This section describes the experiments performed on the turtle shell shaped caged drone. This
cage’s shape is not spherical. It does not have a 3-axes gimbal mounted in it as well. So, this cage
cannot roll like the first cage. However, the cage can rotate about the yaw axis, enabling the drone to
roll along a wall horizontally. Moreover, the cage’s principal objective is to protect the drone after a
collision, so it should survive collision forces. As the cage has limitations mitigating unwanted roll
or pitch angles due to the lack of a 3-axes gimbal system, the drone can crash following a collision.
But, since the shape is similar to a turtle shell, and so, the cage should have the ability to reorient
itself in a suitable take-off position. So, the following experiments were performed to observe the
effectiveness of the cage.
For further references go to the next url: https://www.youtube.com/watch?v=vklc9kWLjdU&
list=PLR_0vgr_c8ESBbbF4RPXfzdOGg8Awh7-g&index=1
4.3.1 Hitting the Wall
We tested if the cage could survive collision with the wall. It was observed that after the impact, the
drone lost some altitude, as shown in figure 4.3.1. This happened because, after the collision, the
roll and pitch angle changed to a significant amount.

Figure 4.3.1: The truncated icosahedron shaped caged drone collides with a wall. In figure (a) the
drone is moving towards the wall, in figure (b) the collision is happening, and in figure (c) the drone is
bouncing back from the wall.
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4.3.2 Reorient to Take-off Position
It was chosen in the design criteria that the cage will not have rotation ability—the inability to
rotate results in the drone’s unwanted roll or pitch angle after a collision, which causes its loss of
altitude. As a result, the drone will probably crash into the ground following a collision. It is then
needed to make sure that the drone does not fall in an upside-down state. So, the design of the cage
was inspired by the turtle shell. A turtle can reorient itself with the help of its shell [11]. The idea
was to give the cage a shape similar to a turtle shell so that whenever the cage falls into the ground,
its shape helps the drone to reorient itself in a suitable take-off position.

Figure 4.3.2: Drone with turtle shaped cage reorient to take-off position. The reorientation progress
through time in alphabetical order shown in the figure. The time step is also mentioned in the figure.

So it was important to observe whether the drone can reorient itself to a take-off position. We
put the cage upside-down and leave the cage. The cage could roll and successfully orient to a stable
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state from where the drone could fly. In figure 4.3.2, some snapshots of this experiment have been
shown. A similar experiment was performed indoors on a flat surface. The cage could reorient as it
did outside on the grass.

4.4

Flight Data Analysis on the Turtle Shell Shaped Caged Drone

The experiments were executed successfully. So, it was needed to understand the behavior by observing the flight data. Figure 4.4.1 shows the changes in roll angle with respect to time. The area
marked in a black rectangular box represents the state when the drone is flying. We can observe
from the plot that, during flying, the roll setpoint is very high. The cage rotates about the yaw axis
only; when the drone needs to be moved by changing roll, it is hard for the drone to roll due to the
inertia of the cage. So, the roll setpoint needs to be high for a slight change in roll in practice. This
could be why a protective structure is kept very light when it can only rotate about one axis.

Figure 4.4.1: Flight data of turtle shell shaped caged drone obtained from pixhawk mini 4. The X axis
represents time in minutes, and the Y axis represents angle in degrees. The green curves are roll angles set
by the user, the red curves are roll estimated by the drone.

The area marked using the yellow rectangular area in figure 4.4.1 represents when the drone was
sliding with the wall. The roll setpoint was kept zero most of the time, but we can observe some
significant estimated roll in the plot because when the drone was moving along the wall, the minor
collisions caused unwanted roll. When the drone hits the wall, the state of the roll angle is shown
in the blue rectangular mark. It is observed that when the collision occurs, the estimated roll has
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a negative value where the roll set by the pilot was positive. The estimated roll became negative
because the frictional forces after collision rotate the drone in the opposite direction.

4.5

Comparison

A comparison between the two developed drone is shown below:
Table 4.5.1: Comparison between the truncated icosahedron shaped caged drone and turtle shell
shaped caged drone.

Characteristics

Weight
Diameter
Height
Cost
Assembling time
Propeller Protection
Maintenance
Mitigation of unwanted rotation
Ability to take off after
crash

4.6

Truncated Icosahedron Shaped caged
drone
820g
480mm
N/A
$110
32 hours
yes
hard
Roll, pitch, yaw

Turtle Shell Shaped
caged drone.

yes

yes

850g
440mm
380mm
$ 52
8 hours
yes
medium
yaw

Concluding Remarks

The rotary protective structure minimizes collision forces when an oblique collision happens. The
truncated icosahedron shaped cage can rotate about all three axes, so this protective structure minimizes collision forces for all possible oblique collisions. The turtle shell shaped cage can only rotate
about the yaw axis. This protective structure can reduce collision forces when an oblique collision
occurs in the XY plane. So, a truncated icosahedron shaped cage is more efficient in minimizing
collision forces. As the turtle shell shaped cage does not rotate about roll and pitch axes, it was challenging to perform rolling and pitching due to the inertia of the cage. From this observation, we can
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understand why only a circular protective structure is used when rotation about only the yaw axis is
chosen. The manufacturing process of the first one is very complicated and time-consuming compared to the other. The cost of the truncated icosahedron shaped cage is higher than the turtle shell
shaped cage. But, it is possible to reduce manufacturing costs for both cages. The size of the turtle
shell shaped cage is less than the first one. Despite having several differences, both the cage can
survive collisions and can protect the drone. Both the cages can reorient to a take-off position after
falling into the ground. It is always better to have rotation ability to mitigate unwanted rotations
due to a collision. But whether there is any need for rotation ability will depend on the mission
objective. If the requirement is low cost and less complex design, then the turtle shell shaped cage
would be suitable. Otherwise, a truncated icosahedron shaped caged drone is a better solution for
caged drones.
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5

Conclusions And Future Work

5.1

Conclusions

This work has dealt with the design and manufacturing of two protective structures for quadrotor
drones. Particular attention has been paid to understand the consequences of a quadrotor drone’s
collision with a solid obstacle. As there are several consequences, it was hard to reach an ideal solution. However, it was easy to understand that collision outcomes are dangerous for a quadrotor
drone. As a collision can break parts of the quadrotor drone, the first and foremost requirement
was to guarantee a protective mechanism for the drone’s components. While trying to develop a
strong protective structure, it was also essential to keep the protective structure’s weight as low as
possible so that a drone can carry the cage easily. Another outcome of a collision is introducing
unwanted rotation to the drone, which often leads to loss of thrust. The drone experiencing this
collision is likely to crash into the ground. So, it was important for the protective structure to mitigate unwanted rotation to avoid a crash. It was also important to consider that following a collision,
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if a drone crashes, the drone should take off again.
Based on the two considerations discussed above, the first protective structure was designed and
built. This protective structure has a truncated icosahedron shape. This shape is almost spherical
and protects the drone from all directions. As the shape is very close to a sphere, the cage could
be given the ability to rotate around the drone. So, a 3-axes gimbal has been mounted in between
the cage and the drone. With the help of the gimbal, the cage can rotate around the drone. This
rotation ability reduces unwanted rotation of the drone introduced by a collision, while the truncated icosahedron shaped cage protects the drone from breaking after a collision. Also, if the drone
crashes, the 3-axes gimbal helps the drone stay in the normal position to take off again. Most of
the parts of the cage were made of carbon fiber rods. The rods are joined using 3D printed joints.
TPU95 material was used to make these joints. To make the 3-axes gimbal, both 3D printed parts
and carbon fiber rods were used. The inner gimbal is mounted at the top of the drone, and it rotates
about the drone’s yaw axis. This inner gimbal has a carbon-fiber shaft that connects the middle gimbal with the inner gimbal. The middle gimbal is an octagonal ring mounted with the inner gimbal’s
shaft and can rotate about the shaft axis. The outer gimbal is the cage, which is mounted with the
middle gimbal. This outer gimbal can rotate about the middle gimbal. The rotation axis is perpendicular to both the drone’s yaw axis and the rotation axis of the middle gimbal. This design meets
the requirement ideally, but it has some drawbacks as well. The manufacturing process is challenging for this shape. Moreover, after a collision, if any part of the cage breaks, it is hard to rebuild that
particular part, as each piece is connected with some other parts.
The use of a 3-axes gimbal was inspired by the work shown in [7]. In [7], three circular rings
have been mounted orthogonal to each other to assemble a 3-axes gimbal. The drone is mounted
on a platform that is connected with the inner gimbal using a shaft. The shaft is fixed with the
inner gimbal, and when the inner gimbal rotates, the shaft rotates with it. In our design, we did not
use three circular rings to form the 3-axes gimbal. Instead, we used some parts of the protective
structure as part of the gimbal system. Instead of making the cage fixed with the outer gimbal, we
replaced the outer gimbal with the cage. So, the cage itself works as the outer gimbal and can rotate
about the middle gimbal. The middle gimbal is an octagonal ring. It rotates about the inner gimbal.
The inner gimbal in the developed design is not a circular ring like that of [7]. The shaft connected
with the inner frame itself works as the inner gimbal and rotates about the drone. A comparison
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Table 5.1.1: Comparison between Gimball [7] and our developed work.

Characteristics

Gimball

Configuration
Control surfaces
Gimbal system
Cage

Coaxial
Present
3 circular rings
Fixed with the outer
gimbal
Fixed with the inner
gimbal
yes
Carbon fiber tube,
ABS
Roll, pitch, yaw

Inner shaft
Propeller Protection
Materials
Mitigation of unwanted rotation
Ability to take off after
crash

yes

Truncated Icosahedron shaped caged
drone
Quadrotor
Do not required
1 octagonal ring
It is the outer gimbal
It is the inner gimbal
yes
Carbon fiber tube,
TPU95
Roll, pitch, yaw
yes

between the work presented in [7] and our developed work is given in table 5.1.1.
The second protective structure’s goal was to protect the drone while keeping the design and
manufacturing process more straightforward. To make the building process easier, we opted out
of using a 3-axes gimbal for this design. As a result, the protective structure would not be able to
mitigate unwanted rotation acted on the drone due to collision and thus could fall. It is essential to
mention that this protective structure can rotate about the drone’s yaw axis, but this rotation does
not mitigate unwanted roll or pitch rotation. As it is probable that the cage could crash following a
collision, it was important that after a crash, the drone could take off again. To enable this ability,
this protective structure was designed inspired by a turtle shell. Like a turtle shell [11], this protective structure can roll to a natural state from any other state. So, after a collision, if the cage falls
into the ground upside-down, the cage can roll, place the drone’s motors directed towards the top,
and the drone can take off again. The model consists of 3D printed parts and carbon fiber rods.
The protective structure could be made fixed with the drone. But we chose to make the cage
rotary because [30] proved that a rotary protective structure is better in reducing oblique collision
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forces. Although the idea of making a rotary protective structure was inspired by ”Miura-oRing”
[30], our developed design has some differences. First of all, the ”Miura-oRing” has an origamiinspired protective structure that helps reducing collision forces. Our design does not have any
elasticity to minimize normal collision force. So, when a normal collision occurs, the ”MiuraoRing” has a clear advantage over our design. But, when an oblique collision occurs, both ”MiuraoRing” and our developed cage can rotate and minimize collision forces. The protective structure
in ”Miura-oRing” only protects when the drone is moving on the lateral axis. But our developed
protective design can protect the drone from collision from all directions. If the drone falls to the
ground after a collision, the ”Miura-oRing” structure does not control the drone’s orientation. So,
if the drone falls upside-down, the drone stays upside-down until any person reorients the drone
to its normal position. But, our developed cage has a turtle shell like shape, which helps the drone
reorient itself if it falls upside down. So, the drone does not need human assistance to take off again
after a crash. A comparison between the work presented in [30] and our developed work is given
in table 5.1.2.
Table 5.1.2: Comparison between Miura-oRing [30] and our developed work.

5.2

Characteristics

Miura-oRing

Configuration
Protective structure
Rotary
Protective
structure
Propeller Protection
Cushion over the protective structure
Ability to take off after
crash

Quadrotor
Ring
About yaw axis

Turtle Shell shaped
caged drone
Quadrotor
Cage
About yaw axis

Horizontal collisions
Yes

All directions
No

No

yes

Future work

The models developed in this work are prototypes. There could be many improvements possible.
Some steps can be followed for future works that are as follows:
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• The 3d printed joints for the truncated icosahedron shaped cage are too big, which adds
extra weight. The joints could be made smaller to reduce overall weight but at the same
time, should be able to resist to some strong impacts.
• The octagonal middle gimbal rotates about the shaft axis that is mounted in the inner gimbal.
This rotation is possible as the middle gimbal is connected with the shaft using a pivot. This
pivot has to carry the weight of the drone, including the inner gimbal. So, this is prone to
break, and so, needs to be stronger.
• The turtle shell shaped cage is smaller but weighs more because it has more 3d printed parts
than the truncated icosahedron shaped cage. The middle and the bottom rings can be replaced using carbon fiber octagonal rings. This can minimize weight and increase strength.
• Instead of using joints and carbon fiber rods, aluminium sheet or balsa sheets can be cut into
a suitable shape to make the parts of the turtle shell shaped cage. Because the joints where
the carbon fiber rods connect each other are 3d printed, and fragile.
• The turtle shell shaped caged drone is designed to rotate and place the drone in a suitable
position to enable taking-off. If the cage does not roll, a small push toward the drone’s yaw
axis helps the cage to rotate. This is how a turtle rotates when stuck upside-down. However,
the pixhawk controller does not allow the drone to start when the drone is not placed parallel
to the horizontal plane. The pixhawk needs to be reprogrammed so that the drone can start
from any orientation.
• The drones are difficult to control indoor because the cages obstruct the optical flow sensor’s
view, the sensor cannot work properly. But, this problem can be solved by programming the
optical flow functionality so that the sensor can ignore the rotating cage while calculating
distance and velocity.
• The drones can be made autonomous.
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